Currently, the requirements of the Global Geodetic Observing System are not yet met by the latest global terrestrial reference frames (TRF). In this study, we assess potential TRF improvements by future SLR network designs partly already classified as "future stations" by the International Laser Ranging Service. We simulate the space geodetic techniques GPS, SLR, and VLBI within the time span 2008-2014 and evaluate the feasible improvements of the SLR-only and the multi-technique TRFs w.r.t. the current station networks. The station performance of the simulated 14 additional SLR stations is driven by the total cloud coverage from the numerical weather model ERA5. We find that the estimated station positions and velocities as well as the Earth rotation parameters, and the TRF-defining parameters origin and scale improve by 1-4% if a single additional station is added to the current SLR-only network. The solution with all 14 additional stations improves by about 22% in origin and 20% in scale w.r.t. the current SLR-only TRF. Single existing stations were excluded from the network resulting in deteriorations of 2-6%. Multi-technique TRFs improve by new co-located sites due to additional SLR stations by up to 1% for station positions, velocities, and the realization of the orientation.
Introduction
The four space geodetic techniques Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR), Global Navigation Satellite Systems (GNSS), and Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) are combined by applying local ties at co-located sites to determine global terrestrial reference frames (TRFs).
The space techniques contributing to the TRF have different sensitivities to the TRF-defining parameters (Sillard and Boucher 2001 ) that are origin, scale, and orientation. A TRF with highest accuracy, reliability, and long-term stability has to maximize the strengths and minimize the weaknesses of the individual techniques. SLR plays a pivotal role in the Institute of Geodesy and Geoinformation Science, Technische Universität Berlin, Berlin, Germany realization of the origin and the scale of the TRF. SLR alone realizes the origin, and SLR together with VLBI realizes the scale (Petit and Luzum 2010) .
SLR is a highly accurate space technique based on direct range measurements in the optical domain between ground stations and satellites equipped with retroreflectors. The accuracy of the range measurements is assessed to be better than the centimeter, but also subject to station-dependent biases that impact the scale of SLR-TRF (Appleby et al. 2016) . SLR has the advantage that the modeling of the observations is less elaborate compared to GNSS. No ambiguities occur, the tropospheric delay is not susceptible to the volatile water vapor distribution in the lower atmosphere, and the measurements are not affected by ionospheric delay errors. The SLR orbits can be determined with high accuracy and stability especially those of the geodetic satellites as LAGEOS-1,-2 (Laser Geodynamic Satellite), Starlette, Stella, LARES (Laser Relativity Satellite), Etalon-1,-2, and Ajisai (for an overview of missions, see Mission Webpage 1 of the International Laser Raging Service-ILRS, Pearlman et al. 2002) . Due to the cannonball shape and the small area-to-mass ratio of the passive SLR satellites, the nongravitational forces lead to smaller orbital perturbations in comparison with, e.g., GPS satellites. Thus, especially the solar radiation pressure modeling is less complex. The uncertainties in the solar radiation pressure modeling of the GNSS satellites are still one of the major limiting effects (Meindl et al. 2013; Rodriguez-Solano et al. 2014) , also hindering a contribution to the realization of the origin of the TRF. In addition, Rebischung et al. (2014) have shown that the high correlation of clocks and tropospheric parameters is the main reason limiting the sensitivity of the origin realization by GNSS.
The precise orbit determination (POD) with SLR is also used for orbit validation of GNSS satellites (Urschl et al. 2007; Bury et al. 2018 ) and of GNSS receivers on Low Earth Orbiters (König et al. 2005 (König et al. , 2009 . Also SLR allows colocation in space of different techniques (Thaller et al. 2011; Sośnica et al. 2015 Sośnica et al. , 2018 .
However, a big disadvantage of SLR and VLBI is the poor station network distribution. Most stations are located in Europe and East Asia. Only eight out of the 45 currently operating SLR stations are found on the southern hemisphere. Such an inhomogeneous station distribution has a significant effect on the realization of the TRF-defining parameters origin and scale (Drewes et al. 2013 ). This network effect has been investigated by, e.g., , , Bloßfeld (2015) , and Zannat and Tregoning (2017) . It should be noted that only 12-14 stations (e.g., Fig. 4 in ) out of the 45 stations are high-performing stations with a significant amount of data mainly supporting the ITRF.
Currently, SLR is performed to 62 satellites with different priorities. 2 The contribution of the ILRS to the recent realization of the International Terrestrial Reference Frame ITRF2014 (Altamimi et al. 2016) includes observations to LAGEOS-1,-2 and Etalon-1,-2. However, since only 1/10 of the data comes from Etalon-1,-2, it has practically no impact on the results (Luceri and Pavlis 2016) .
SLR does not only play an important role in the determination of the TRF, it is also indispensable for the estimation of Earth's gravity field and of Earth's rotation parameters. SLR allows the integration of the three pillars of geodesy (geometry, gravity, and Earth rotation) as one of the main tasks of the Global Geodetic Observing System (GGOS) (Bloßfeld 2015) .
GGOS requests a TRF with an accuracy of 1 mm and a long-term stability of 1 mm/decade (Gross et al. 2009 ). Currently available TRFs, such as the ITRF2014 (Altamimi et al. 2016) , do not meet these requirements yet. Uncertainties in the TRF as part of the errors in the land motion corrections at tide gauges are the main limiting factor in the accurate and reliable determination of the global sea level rise (Blewitt et al. 2010; Beckley et al. 2017) .
The TRF uncertainties are mainly caused by (1) technique systematic errors, (2) the inter-technique combination process, especially the selection and weighting of the local ties, and (3) the lack of an optimal station distribution of the global networks and their co-locations, especially that of the SLR and VLBI stations, and the unbalance between the northern and southern hemisphere. It is assumed that one of the major limitations in the TRF is the discrepancies between the coordinates derived from the local surveys and from the space geodetic observations (Boucher et al. 2015) . However, these discrepancies indicate only that either the local ties, the space geodetic estimates, or both are inaccurate. The impact of different biases, weighting, and the selection of local ties has been studied by simulations of GPS, SLR, and VLBI in Glaser et al. (2018) .
It is also stated in the roadmap 3 developed within the UN Resolution (A/RES/69/266) on global geodetic reference frames that globally better distributed station networks are needed for a highly accurate Global Geodetic Reference Frame. The Bureau of Networks and Observations 4 established within GGOS promotes the improvement of the ground network architecture of the TRF toward an optimal geographical distribution and an adequate performance of the observing stations in order to achieve the GGOS goals. Possible future stations are summarized in the GGOS Space Geodesy Network Projection table. 5 It is important for the decision makers to have advanced knowledge of the potential improvements in particular by an extended station network, regarding the position and characteristics of the most promising stations. Simulation studies are in this regard an indispensable tool to assess the impact of future station network designs on the TRF as well as the Earth rotation parameters (ERP) (Schuh et al. 2015) . One should have in mind that the station simulation studies are limited to the assessment of relative improvements w.r.t. the current networks and do not allow to identify technique systematic errors.
Simulation studies of networks consisting of 8, 16, 24, and 32 stations, which co-locate SLR and VLBI, performed by Pavlis and Kuzmicz-Cieslak (2009) show largest improvement in the origin if the network is extended from 16 to 24 stations. The globally distributed network of 32 stations seems to fulfill the GGOS requirements. Pavlis et al. (2016) showed where SLR and VLBI stations are most beneficial and essential to improve the TRF-defining parameters by station network extensions and exclusions. Stations added gridwise to the current SLR network were simulated by Otsubo et al. (2016) based on changes in the variance-covariance matrices to assess the impact on the origin, the scale, and the Earth's gravity field low-degree harmonics. In general, the parameters improve the most by adding a station to the southern hemisphere. Kehm et al. (2017) assessed the SLR network improvements by simulating eight potential future SLR stations to the current network together with the expected future technical network optimization. Future VLBI network developments with the next generation antennas of the VLBI Global Observing System (VGOS) were simulated by, e.g., MacMillan (2017) and Glaser et al. (2017) . Within the Standing Committee Performance Simulations and Architectural Trade-Offs (PLATO), 6 these simulation activities are coordinated and reported to the GGOS Bureau of Networks and Observations (Männel et al. 2018) . The aforementioned simulation studies are limited to either SLRonly or VLBI-only solutions and to a combination of SLR and VLBI networks.
In this study, we simulate observations of the current networks of GPS, SLR, and VLBI and extend the SLR station network. We add one-by-one 14 stations that are intended to be realized in the future, eight of them are already under construction or planned by national mapping or space agencies and listed as "Future stations" by the ILRS. 7 Innovatively, the performance of the additional stations is based on the local weather conditions taken from the state-of-the-art numerical weather model ERA5 (Sect. 2.1). We analyze the simulated observations and estimate station coordinates and velocities as well as ERP. We assess the impact of the additional stations on the SLR-only TRF (Sect. 3.1) as well as on the multitechnique TRF (Sect. 3.2) in terms of Helmert transformation parameters and standard deviations of the estimated parameters, as well as of the origin and the scale of the resulting TRF.
Strategy

Performance of additional SLR stations
We simulated 14 additional SLR stations to the current networks (Figs. 1, 5) in the time span of 7 years. Eight of the additional stations are classified as "future stations" by the ILRS (https://ilrs.cddis.eosdis.nasa.gov/network/stations/future/in dex.html). The simulated additional stations are listed in Table 1 . The time horizon for the stations to be realized is 2020 as in case of Haleakala. The additional station in Hartebeesthoek went operational in May 2018. The stations American Samoa and Easter Island due to their geographical locations were identified as "very important" stations by simulation studies of Pavlis et al. (2016) . Furthermore, Pavlis et al. (2016) demonstrated that the addition of the stations McMurdo and Whitehorse is beneficial and that the exclusion of Whitehorse and Penticton yields to degradations of the standard network. The SLR station Syowa in East Antarctica is planned by the Japanese National Institute of Polar Research to establish a core site co-locating all four techniques (Aoyama et al. 2017) . The last six stations in Table 1 are probably not going to be realized in the next 10 years due to insecure funding.
In general, SLR cannot be performed through clouds. In order to account for this weather dependency and to realistically simulate the performance of the future stations, we consulted the total cloud cover (TCC) from the numerical weather model ERA5. ERA5 8 is the latest climate reanalysis (fifth generation) by the European Centre for Medium-Range Weather Forecasts (ECMWF). It features a fine spatial grid (31 km), a high number of vertical levels (137), and a new numerical weather prediction model (Integrated Forecasting System-IFS cycle 41r2). Hourly resolved cloud cover fields at a spatial resolution of 0.25 • × 0.25 • were averaged over the simulation time span 2008-2014 to provide an overall estimate. The simulation branch of our POD software provides a general handle to get x% out of 100% possible passes of a station for one arc. A denser grid of choices would need some considerable development efforts which are scheduled for the future.
The resulting global coverage is depicted in Fig. 1 . Almost no clouds (TCC < 10%) occur in the East Sahara. Other areas with sparse cloud coverage are Arabia, Australia, South Africa, and regions of North and South America. The high latitudes, especially at the north pole, and the areas around the equator are characterized by a high cloud coverage (TCC > 80%).
Our choice of utilizing ERA5 data to other alternatives, such as MODIS (Moderate Resolution Imaging Spectroradiometer), was deliberate. MODIS features two sunsynchronous polar orbiting satellites that despite providing a much higher spatial resolution than ERA5, sample the diurnal cycle fairly poorly, hence potentially yielding biased average TCC estimates. Moreover, MODIS data are assimilated in ERA5.
The hourly TCC time series over the simulation time span at station Ny-Ålesund (Norway) and Hartebeesthoek (South Africa) is depicted in Fig. 2 . The TCC at Ny-Ålesund is in many cases more than 90% leading to an average TCC of 1824  1868  1873  1879  1884  1886  1887  1888  1889  1890  1893  7080  7090  7105  7110  7119  7124  7237  7249  7308  7358  7403  7405  7406  7501  7810  7811  7821  7824  7825  7832  7838  7839  7840  7841  7845  7941  8834 Station performance [%] performance based on (100−total cloud coverage) simulated actual performance (LAGEOS−1/−2) 76.4%. Hartebeesthoek is much less cloudy during this time span leading to a mean TCC of 32.6%. Accepting the premise that thick clouds impede laser observations, the station performance of new stations can be assessed with 100%-TCC% if all other factors affecting the station performance are neglected. To check this assumption, we compare (100-TCC)% with the actual performance which was simulated for the current SLR network to LAGEOS-1 and LAGEOS-2, see Fig. 3 . The actual performance is given by the ratio of the observed passes versus all possible passes per station. As shown in Fig. 3 , at all stations of the current network, the actual performance is below the performance based on the total cloud coverage except Yarragadee (7090) and Zimmerwald (7810) as the stations with the highest performance.
This means that just a part of the weather conditions is responsible for the tracking success of a station. Other limiting factors are, e.g., availability of operation personnel and capability of daytime tracking. At these two stations with a larger actual performance than of what is possible from our cloud coverage, the system is operated 24 h per day and 7 days a week. This overperformance is possible since the TCC fields are snapshots and therefore just an indication. The fine granularity of the cloud cover variations cannot be fully captured. Thus, instances without clouds may occur inbetween which allow sites with skilled personnel and high automation to track over these short periods and increase the amount of observations. The cloud cover index alone does not fully reflect the complexity of the SLR technique. However, since no or very limited information about the performance of the future sites exists, the station performance based on total cloud coverage allows more realistic simulations. Due to the local cloud conditions, two identical stations with the same skilled personnel can provide more observations at a site like Hartebeesthoek than at Ny-Ålesund, see Fig. 2 .
Apart from the overperforming stations, a few stations have a larger performance than the mean actual performance of the current network of 18.8% (LAGEOS-1: 20.0% and LAGEOS-2: 17.6%). The actual performance of Zimmerwald (7810) is almost twice as much as (100-TCC)%. Zimmerwald is an automated station with a station height of almost 1000 m. Matera (7941) is automated as well and has a station height of about 500 m. Yarragadee (7090) has the largest actual performance of 90% since this station has very good cloudless weather conditions ( Fig. 3 ) and is manned 24/7.
To account for the fact that in almost all cases the actual performance is smaller than the (100-TCC)% assumption, we scaled (100-TCC)% down by a factor of 2.51 derived from the mean of (100-TCC)% and the mean of the actual performance. Table 1 shows the values for (100-TCC)% and (100-TCC)-scaled% listed for the new stations. The scaled values were utilized as the performance of the 14 new stations, and for the 38 current stations, the actual performance based on real measurements was applied.
The new stations McDonald (7080), Haleakala (7119), and Hartebeesthoek (7501) are planned in addition to existing stations at the same site. At the site Hartebeesthoek, the new simulated station which is operational since May 2018 observes in addition to the old station according to the information about active stations on the ILRS website (ILRS Operational Station Identification Table, https://ilrs.cddis.eo sdis.nasa.gov/network/stations/active/index.html). According to Merkowitz et al. (2018) , the new station at McDonald will be located near the legacy station. We assume the same scenario for Haleakala. The performance based on (100-TCC)-scaled is slightly different to the actual performance of the existing stations, see Table 1 . The (100-TCC)-scaled performance is 25.7%, and the actual performance of the existing station is 13.8% at McDonald, at Haleakala 19.9% and actual performance of 20.6%, and at Hartebeesthoek 26.9% with actual performance of 32.0%. In these three cases, the higher station performance was used for the simulation.
The measurement noise of all the new stations is chosen to be 9 mm (white noise), which is the global RMS from the POD of the real data in the analysis period. The measurement noise of the current stations is based on the real observations within the same time span following the approach of Glaser et al. (2017) (see especially Sect. 2.2 and Fig. 3 presenting the orbital fit of the simulated ranges). To choose a lower noise for new systems is an option beyond the scope of this paper; at this point, we focus on the potential improvements due to geometry.
The distribution within the time span of the simulated observations of the new stations is provided by a random selection of passes from all possible passes within one arc that approximately meet the performance figure requested. The number of observations is then fine-tuned to meet the performance figure by randomly exchanging passes with too high or too low numbers of observations. Over the analysis period of 7 years, this leads to a nearly homogeneous distribution of observations. Therefore, no gaps will show up due to, e.g., system outages.
In addition to the performance based on the total cloud cover from ERA5, we simulated the observations of the additional stations based on the mean actual performance of the current network of 18.8% for LAGEOS-1 and LAGEOS-2. The number of passes per station per year to LAGEOS-1 and LAGEOS-2 during the simulation time span 2008-2014 was assessed for the -actual performance of the 38 stations of the current network, -performance based on total cloud coverage of the 14 additional stations, -performance based on mean actual performance of the 14 additional stations, to check whether the simulations are realistic, see Fig. 4 . The 2015 ILRS pass performance standard sets a lower boundary of four passes of each LAGEOS satellite per week (https://ilrs.cddis.eosdis.nasa.gov/docs/2015/ILRS_passper fstandard_201511.pdf). The 416 passes together for LAGEOS-1 and LAGEOS-2 per year are fulfilled by all additional stations in case of the performance based on the mean actual performance (light blue bars in Fig. 4 ). In case of the performance based on the total cloud coverage (red bars), only three out of the 14 additional stations marginally miss the pass standard: Ny-Ålesund (73310002), Ponmudi (99200002), and Metsähovi (78067601). Due to the local cloud conditions, these stations are expected to make efforts to achieve the pass standard. The simulated performance based on the total cloud coverage constitutes a realistic scenario since also not all stations of the current network reach Table 1 the pass standard. Only 18 out of the 38 current stations (gray bars) perform better than the pass standard with the Yarragadee (70900513) as the highest performing station.
Simulation and combination of GPS, SLR, and VLBI networks
Simulations of the current networks consisting of 131 GPS, 38 SLR, and 23 VLBI stations were performed over the time span of 7 years (2008-2014), see Fig. 5 . The simulations are based on white noise without taking systematic effects into account. In case of VLBI, tropospheric turbulence and station clocks errors were simulated as well for the standard rapid turnaround R1 and R4 24-h sessions conducted twice a week by the International VLBI Service for Geodesy and Astrometry (IVS). The SLR simulations are based on observations to LAGEOS-1 and LAGEOS-2. The GPS observations were simulated continuously; only 5% of the observations per day were excluded to account for possible station failure arising in reality. The simulated observations mimic the real observations according to precision (formal errors) and availability over the same time span. The additional SLR stations were simulated based on the performance provided by the total cloud coverage, see Sect. 2.1. It was ensured that consistent reduction models and a priori values were used for all three techniques. More information about the VLBI simulations can be found in Glaser et al. (2016) , about the SLR simulations in Glaser et al. (2017) , and about the GPS simulations in Glaser et al. (2018) . As a result, datum-free normal equation systems per technique containing station positions at a reference epoch, station velocities and daily ERP (pole coordinates, UT1-UTC) were determined. It should be noted that only VLBI is able to estimate UT1-UTC without additional constraints and satellites techniques can estimate the Length of Day (LOD) as the first derivative of UT1-UTC. If UT1-UTC is parameterized as continuous piece-wise linear polygon and fixed to the first value, it can be derived from the analysis of satellite observations and combined with VLBI, see e.g., Thaller et al. (2007) and Glaser et al. (2016) .
The combination of the three techniques was done by using simulated local ties (LTs). A detailed description about the combination of GPS, SLR, and VLBI using simulated LTs is provided in Glaser et al. (2018) . We assumed the LTs to be known as we introduced the a priori coordinates of the individual techniques consistently. In case of GPS-SLR, 25 LTs were used, 20 VLBI-GPS LTs, and 10 VLBI-SLR LTs. Since the LTs are assumed to be correct in the simulations, the standard deviations of the LTs are set to 1 mm. The velocities at co-located sites were combined by introducing 
Results
SLR-only solutions
Observation coverage
We started with the SLR simulations of the current network utilizing the actual station performance. Then, the new stations were added one-by-one to the current network utilizing the (100-TCC)-scaled values for the new station performance. The resulting global distributions of the observations to LAGEOS-1 and LAGEOS-2 over the simulated 7-year time span are depicted exemplarily for four different scenarios in Fig. 6 . The observation distribution in case of all 14 additional stations w.r.t. the current network clearly improves especially over North and South America, and South Africa. The solution with nine high-performing stations only has large gaps over South America and Asia in the global observation distribution. The network geometry without Hartebeesthoek is characterized by a large gap in the observation distribution over South Africa. Stations like Ny-Ålesund show small differences in the global distribution w.r.t. the current network. The additional station Syowa in Antarctica closes some gaps between the latitudes − 53 • and − 70 • . Since these differences are rather small, they are not presented here. The resulting numbers of observations of the additional stations to LAGEOS-1 and LAGEOS-2 are listed in Table 1 . The smallest performance of 9.4% was used in the simulations for the station in Ny-Ålesund due to the high TCC in the region, see Figs. 1 and 2. More than twice as many observations to LAGEOS-1 than to LAGEOS-2 result (Table 1) owing to the different inclinations of the satellites (i = 109.84 • for LAGEOS-1 and i = 52.64 • for LAGEOS-2) and the high northern latitude of the station. Hence, the SLR station Ny-Ålesund will be mainly beneficial for tracking polar orbiting satellites, and for the establishment of a core site co-locating with GNSS, VLBI, and DORIS. The largest number of observations was achieved by Hartebeesthoek for LAGEOS-2 due to the large simulated station performance of 32.0% and the midlatitude location of the station.
Station positions, velocities, and ERP
The simulated observations were analyzed like the real observations and station positions and velocities as well as Earth rotation parameters were estimated. This was done for all different station scenarios: addition of 14 single future stations, addition of all 14 future stations, and exclusion of exemplarily five single current stations. To assess the impact of the station network changes, we compare the estimated Helmert transformation parameters (Table 2 ) and the standard deviations of the estimated parameters (station positions, velocities, ERP, Table 3 ) w.r.t. the current network. The parameters of 14-parameter Helmert transformations between the different solutions w.r.t. the current network can be found in Table 2 . The estimated Helmert parameters between the single additional station scenarios and the current network are not larger than 1 mm and 0.1 mm/year; hence, the impact of a single additional station is rather small on the overall network solution. The addition of the single station Mount Abu shows largest differences in the Helmert parameters, mainly on the network rotations. In case of the mean actual performance instead of the performance based on the TCC, all station scenarios are below the sub-mm. The addition of all 14 stations to the current network shows differences in the Helmert parameters of less than 1 mm and less than 0.1 mm/year. If no station at Graz or Hartebeesthoek provides observations, the rotations of the Helmert parameters change the most.
The results in terms of the precision of the estimated parameters station positions, station velocities, and ERP in case of the different solutions w.r.t. the current network are listed in Table 3 . Adding single stations improves the estimated station positions and velocities by 2%. The solution with all additional stations shows improvements in the station positions of 18% and in the station velocities of 21%.
In addition to the station coordinates, the Earth rotation parameters (ERP) present another assessment tool since they provide information about the orientation of the network. Geometrical changes in the station network also affect the estimated ERP. The precision of the ERP improves the most by 4% for the solution with the additional station in Har- If only those nine high-performing stations were simulated and analyzed, the standard deviations of the station coordinates and velocities get smaller by 65% and 74%, respectively, since less performing stations do not contribute with observations. However, due to the insufficient global coverage of the nine chosen stations (see Fig. 6 ), the ERP deteriorate by up to 33%. The expected change (exp.) due to the different degree of freedom of the solutions is also presented
It should be noted that in a combination with GNSS (and VLBI), the ERP improvements found in an SLR-only solution will be less visible due to the dominance of GNSS in terms of observation accuracy and availability.
The degree of freedom (DOF = "number of observations minus number of unknowns") differs in the solutions due to added/removed observations and unknowns after adding and eliminating sites. The expected change in the estimated standard deviations only based on error propagation can be calculated by √ 1/ f − 1 · 100% with the factor f based on the DOF of the reference solution (current network) and of the new solution (adding or eliminating sites) with f = DOF reference /DOF new . This expected improvement can be used to assess relative to the expected standard deviations from error propagation the estimated standard deviations and is presented in Table 3 (second last column). If one station is added to the network, the expected improvement is about 1-3% and usually in the same order as the improvements in the estimated standard deviations. As also shown by the Helmert parameters (Table 2) , one single additional station has only a small impact on the TRF. By comparing the expected improvement to the achieved improvement, it becomes clear that mainly all additional stations improve the network geometry and do not just add observations. Every new station is beneficial to the network. Even if it is colocated with a legacy station, benefits also result in terms of redundancy, e.g., for maintenance and calibration purposes.
The results in Table 3 are based on the performance derived from the total cloud coverage. The differences to the results based on the mean actual performance are very small, reaching a maximum of 1% in precision of the station positions in the case of Hartebeesthoek and Mount Abu which have a larger performance based on the total cloud coverage than the mean actual performance (Fig. 4) . In the following, all results will be presented in case of the station performance based on the total cloud coverage.
Homogeneity and isotropy of the network solution
In order to assess the homogeneity of the network solution, the condition number of the variance-covariance matrix only including the station coordinates was calculated (last column in Table 3 ). If the condition number is closer to one, the more reliable is the network solution in terms of homogeneity (same precision of the network stations) and isotropy (same precision in all three coordinate components) (Niemeier 2008) . The condition number of the different solutions is in all cases very similar; it changes only slightly w.r.t. the current network. In case of the nine core stations, the network is significantly more homogenous and isotropic, however with decreased precision in the ERP due to an inad-equate global distribution. The overall global distribution of the stations is very important.
TRF-defining parameters: origin and scale
Based on the resulting variance-covariance matrix including the coordinates and the velocities (ERP were reduced), we utilized the approach of Sillard and Boucher (2001) (Eq. 18) to assess the standard deviations of the TRF-defining parameters origin and scale w.r.t. the current network having in mind that in the combined ITRF solutions, the origin is realized by SLR-only, the scale by SLR and VLBI. The approach divides the variance-covariance matrix of the solution into two parts based upon the dependence on the datum realization. For the dependent part, the "reference system effect" can be examined with the standard deviations of the TRF-defining parameters. In Fig. 7 , the improvements in the origin (translations denoted as TX, TY , TZ) and the scale are presented if one station was added to the current network. The largest improvements were found in case of the additional station at Hartebeesthoek. At the site Hartebeesthoek, the additional station (operational since May 2018) observes in addition to the old station. It should be noted that an increase in the performance with many more data and 24/7 operations of the existing station would also improve the estimated parameters. Other stations with fairly large improvements in the translations are La Plata, McDonald, Haleakala, Easter Island, and McMurdo. Small improvements of less than 1% can be noticed in case of the solution with Ny-Ålesund, Ponmudi, and Metsähovi. Ny-Ålesund and Metsähovi are stations in Europe where already many stations of the current network operate. The translational component TZ with usually the largest uncertainties can be improved the most by up to 4.3% in case of the additional station at Hartebeesthoek. Thus, Hartebeesthoek is a very important station for the realization of the origin. The scale is improved the most by 3.3% in case of the additional station McMurdo. All single additional stations on the southern hemisphere yield an improvement in the realization of the scale. Even though Ponmudi and Mount Abu are both located in India and improve the network distribution in this region, Mount Abu would be more beneficial than Ponmudi for origin and scale realization. Due to the much larger cloud coverage (Fig. 1 ), Ponmudi contributes with more than 3 times less observations than Mount Abu to the network (Table 1) . The solution with all additional stations shows improvements of 23% in TX, 22% in TY , and 20% in TZ, and scale.
If single stations were excluded from the network, significant deteriorations in origin and scale appear, relatively large if the stations in South America are missing (TX 15%, TY 13%, TZ 11%, and scale 12%). If no station at Hartebeesthoek or Graz provides observations, deteriorations of 2%, 2%, 3%, 2% in TX, TY , TZ and scale were found, respectively. If only nine high-performing stations are considered, the origin and scale deteriorate by 49%, 40%, 35%, and 34% in T X, T Y , T Z, and scale, respectively.
The temporal change of the reference system effect of the origin and scale was also assessed by including the velocities in the approach of Sillard and Boucher (2001) . The relative improvement w.r.t. the current network is the same or very similar to the improvement in case of the coordinates. The conclusions regarding the most beneficial or less beneficial stations remain. In case of all additional stations, the translation rates improve by 23%, 22%, and 19% in X , Y , Z , respectively, and 20% in scale.
Multi-technique solutions
In this section, the results in terms of the estimated parameters station positions and station velocities as well as the TRF-defining parameters of the combined GPS+SLR+VLBI solutions with the additional SLR stations are assessed w.r.t. the current GPS+SLR+VLBI network solution. The station networks are depicted in Fig. 5 . The ERP were reduced from the normal equation systems before the individual technique solutions have been stacked together to minimize the processing time. The combination of the three different techniques was done by applying simulated LTs (Sect. 2.2).
In the first combinations, only the LTs at co-located sites of the current networks were introduced (25 GPS-SLR, 20 VLBI-GPS, and 10 VLBI-SLR LTs, see Sect. 2.2). In this case, the standard deviations of the station positions and velocities as well as of the TRF-defining parameters do not show any differences between the solutions with the additional stations and the current combined network solution. When all additional SLR stations were added to the network, an improvement of 3% and 2% was found in the station positions and velocities, respectively.
In the next combinations additional LTs at co-located sites resulting from the additional SLR stations were introduced to combine the SLR, GPS, and VLBI solutions. In total, 10 additional LTs connecting SLR and GPS result from the 14 additional SLR stations. Five of them result from the new SLR-GPS co-located sites at Easter Island, Penticton, Whitehorse, Metsähovi, and Ny-Ålesund (last column in Table 4 ). All of them are GPS-only sites in the current networks, Ny-Ålesund is in addition a VLBI site, see Fig. 5 . Three additional VLBI-SLR LTs were introduced to the current 10, one at Ny-Ålesund providing a new co-location and two at Hartebeesthoek. Due to the additional station in Ny-Ålesund, an additional fundamental site observing all three techniques could be established. The current simulated networks comprise six fundamental sites, four on the northern and two on the southern hemisphere. The station La Plata (AGGO) was simulated as an additional SLR-only site without colocating VLBI and GPS. In the current networks of SLR, 
w/o South America + 4% + 3% + 0% − 1 GPS, − 1 VLBI only 9 SLR core stations − 16% − 9% + 0% − 13 GPS, − 6 VLBI New SLR stations entail additional local ties (LTs) at existing co-located sites and at new co-located sites (*). The expected change (exp.) due to the different degree of freedom of the solutions is also presented GPS, and VLBI, we simulated Concepción (TIGO) as colocated SLR-GPS-VLBI site. Syowa was simulated as an SLR-only site, although this site has been observing VLBI, GNSS, and DORIS since 1990 (Aoyama et al. 2017) . In case of one additional SLR station, the improvement in the combined network in terms of estimated standard deviations of the positions and velocities is very small or not present. Small improvements of up to 1% can be noticed in case of additional co-locations (indicated by * in Table 4 ) and in case of Hartebeesthoek. The improvements are statistically significant since the expected improvements due to a larger DOF are 0%. If the SLR station Graz is missing, no significant deterioration was found. A single station outage can be compensated to a certain extent if the other stations of the network continue operating. In contrast, if the station in Hartebeesthoek and the three stations in South America were excluded from the SLR network, a significant deterioration up to 4% in the station positions of the combined solution can be noticed. Therefore, the stations on the southern hemisphere play a very important role in the combination of SLR, GPS, and VLBI. The reference system effect was assessed by using the approach of Sillard and Boucher (2001) , see Sect. 3.1.4. The standard deviations of the 14 parameters (translations TX, TY , TZ, scale SC, and rotations RX, RY , RZ with their temporal changes) and the improvements w.r.t. the current network are presented in Table 5 . The standard deviations of the rotations in X , Y , Z are one order of magnitude larger than of the translations and of the scale since the techniques are not sensitive to the rotation of the network w.r.t. a priori. The standard deviation of T Z is much larger compared to that of T X and T Y . In case of one additional SLR station, no significant improvements can be noticed in the translations and the scale. With additional co-locations sites, the realization of the orientation improves slightly by 1-2%, the most in case of the additional fundamental site at Ny-Ålesund. The scale of the combined solutions does not show any differences in the SLR station scenarios chosen herein.
It seems that the already well distributed GPS network dominates the combined GPS+SLR+VLBI solutions so that one additional SLR station has no significant impact on the combined solution. This situation fairly captures the reality of an ITRF solution based on all four space geodetic techniques with an even larger number of GNSS stations instead of an SLR-only solution or an SLR+VLBI combination.
All additional SLR stations without the additional colocation sites show no significant improvement in the realization of the orientation. In contrast, with additional co-locations the orientation of the combined network can be better realized by up to 4%. The additional co-locations sites enable more connection points between the techniques which yield better datum transfer within the combination. If selected stations are excluded from the network, the TRFdefining parameters significantly deteriorate the most by 2% in case of no station at Hartebeesthoek. Hartebeesthoek plays an important role for realization of orientation in the combination of the three techniques.
If only nine SLR core stations were simulated and combined with VLBI and GPS, the formal errors of the station positions and velocities decrease by 16% and 9%, respectively (Table 4) . However, the realization of the origin and especially of the orientation deteriorates by up to 12%.
Summary and conclusions
We simulated observations of 131 GPS, 38 SLR, and 23 VLBI stations of the current networks and added 14 SLR stations one-by-one and all together to the current SLR and GPS+SLR+VLBI networks within a 7-year time span. The simulation of the addition of one individual SLR station allows to assess its impact on the TRF and its potential benefits to improve the TRF. The addition of all possible new SLR stations shows the possible future strength of the SLR network and its contribution to the combined TRF in the time horizon of 20 years.
The performance of the additional stations is based on the total cloud cover (TCC) from the state-of-the-art numerical weather model ERA5. The derived station performance of (100-TCC)% is larger compared to the actual performance of the current SLR station network. This behavior indicates that the SLR station performance does not only depend on the local weather conditions. Other operational factors like technical equipment and staff availability also play a role and are difficult to quantify. The performance of most of the current SLR stations could be better according to the cloud conditions. To get the station performance of the new stations, we decided to scale the (100-TCC)% performance down by a factor derived from the mean of the performance based on the TCC and the actual performance of the current network.
These assumed station performances do probably not fully reflect the actual performance of the future stations. However, we think that SLR station performances based on the local cloud conditions are more realistic than ones based on some guess that is globally constant. For instance, two of the planned stations are in India and due to the larger cloud coverage in Southern India (the TCC at Mount Abu amounts to 31% and the TCC at Ponmudi to 74%) Mount Abu can probably observe twice as much as Ponmudi.
This study focuses on geometry improvements and not on performance improvements since the expected performance of a future station is a very delicate problem mainly of anthropogenic nature. The simulation of the current station performance based on real data and the future station performance on scaled total cloud coverage conditions can be assumed as a conservative assumption of the situation. In the future with higher-performing lasers, the improvements in the estimated parameters can be expected to be even higher. In case of the SLR-only TRF, small improvements of 1-4% in station positions and velocities as well as in ERP can be achieved if single stations were added to the current network. Largest improvements in the ERP of 4% were identified if Hartebeesthoek and McDonald were added to the network. The solution with all additional stations improves by 18% for positions and ERP and by 21% for velocities. If selected stations were excluded from the current network, deteriorations in the standard deviations of 2-6% were found, the most in the ERP in case of no stations in South America. Despite the fact that the ERP estimates are mainly determined by GNSS in a combined solution, the ERP from SLR-only represent another global assessment tool as far as the network orientation is concerned. The TRF-defining parameters origin and scale improve the most of up to 4% in T Z in case of the additional station Hartebeesthoek. The stations La Plata, McDonald, Haleakala, Easter Island and McMurdo show improvements of about 3%. Small improvements of less than 1% were found in case of the additional stations Ny-Ålesund, Metsähovi, and Ponmudi. The additional stations in the southern hemisphere all improve the scale of the TRF of at least 2% and are thus very important for its realization. Otsubo et al. (2016) found larger improvements of up to almost 20% in origin in X direction if only one station was added to the south of South America and Antarctica. The origin of the SLR-only TRF including all additional stations improves by about 22% and the scale by about 20% w.r.t. the current SLR-only TRF.
In case of the simulation of nine high-performing stations only, the standard deviations get smaller for the station positions by 65% and for the velocities by 74% w.r.t. the current 38 SLR station network. The standard deviations were aver-aged over all stations. Only if the high-performing stations were simulated, it is expected that the averaged formal errors decrease. However, the ERP estimates deteriorate by about 29% and the origin and scale by 41% and 34%, respectively, since the chosen nine high-performing stations are not well globally distributed. This scenario demonstrates that the SLR station network needs high-performing stations to improve the overall precision of the station positions and velocities of the network but also strongly requires a good global coverage of stations for the ERP estimation and especially for the origin and scale realization.
Multi-technique TRFs were determined from a combination of simulated GPS, VLBI, and SLR with the additional SLR stations by using local ties (LTs). The multi-technique TRFs show small improvements of 1% in station positions and velocities and the realization of the orientation due to new co-locations at Easter Island, Metsähovi, Ny-Ålesund, Penticton, and at Hartebeesthoek. All new co-locations yield an improvement of 4% in station positions and velocities and 1% in the realization of the origin and 4% of the orientation. Just adding the new SLR stations without using the newly arising LTs does not improve the station positions and velocities of the GPS+SLR+VLBI TRF since the global distribution of the GPS stations is dominantly taken care of this. The TRF improves only if the new SLR station enables a new co-located site. Therefore, the decision on where to locate a new SLR station should also strive for an extension of the ensemble of co-located sites and their proper global distribution. The LTs at the co-located sites then should be available with highest accuracy.
In summary, the improvements in station positions, velocities, ERP and TRF-defining parameters based on the simulations w.r.t. the current networks are rather small. The geometry improvement by the addition of SLR stations is a small step to achieve the GGOS goals. The overall global distribution of the network stations and especially of the colocated sites plays here the important role. In case of SLR, the existing and future high-performing stations should be further strongly supported. To improve the accuracy of the TRF toward GGOS, the identification and resolving of technique systematic errors has to be further thoroughly investigated.
Further simulation studies will comprise of completing the combination by DORIS to have a TRF based on all four space geodetic techniques. Currently, we are revising the DORIS simulations to make them more realistic. In general, in reality, the observations are closer to the assumption of colored noise as white noise only, e.g., due to spatial and temporal correlations. To get more realistic simulated observations, the refinement of the noise models with colored noise instead of white noise only will be investigated as well. Furthermore, we will focus on co-locations in space simulations as a possible alternative or complement for the combination of the space geodetic techniques based on ground LTs.
